Abstract-The thermal stability of channel optical waveguide devices fabricated by electron beam irradiation of plasmaenhanced chemical vapor deposition (PECVD) silica-on-silicon is investigated. The degree of stability is dependent on the starting material and on the use of thermal annealing prior to irradiation. High-temperature postprocessing is shown to reduce modal confinement, increasing losses in waveguide bends and the coupling coefficient in directional couplers. A low-temperature cladding process based on a thick MgF2 layer is described, and low-loss thermooptic Mach-Zehnder interferometric switches are demonstrated.
I. INTRODUCTION
W AVEGUIDES fabricated by electron beam irradiation [1] - [3] offer an alternative to topographic guides [4] in silica-on-silicon planar lightwave circuits (PLC's). Comparable structures can be fabricated by optical irradiation, either at IR wavelengths (using densification by a CO 2 laser [5] ) or at UV wavelengths (by color-center formation [6] or photopolymerization [7] ). In each case, the potential advantage over the topographic method is that a buried channel guide may be formed directly, avoiding the difficulties associated with etching and cladding of rib structures.
Electron beam irradiation is now relatively advanced. Substrate absorption and OH contamination have been minimized, and low (0.1 dB/cm) and spectrally flat propagation loss has been obtained in materials deposited by plasmaenhanced chemical vapor deposition (PECVD) [8] . A range of channel guide power-splitters has been demonstrated, using a simple process based on irradiation through an electroplated Au surface mask [9] . The most significant difficulties remain the small index change ( , depending on the material [8] ), and the low stability of the induced changes.
While thermal instability should not compromise lifetimes at working temperatures [3] , it restricts the thermal load allowed in subsequent processing, especially deposition of the cladding used to isolate the guided mode from the heater electrode in a thermooptic switch [4] . For low guides, a thick layer of silicate glass is used. Sputtering is one method of deposition, but is normally too slow. PECVD is faster, but would require several hours at 350 C, followed by annealing [10] . An alternative is a spin-coated, ultraviolet (UV)-cured polymer. A few polymers with suitable refractive indices exist [11] ; however, there can be difficulties with adhesion of these materials. Consequently, most measurements of irradiated guides have been obtained with the device clad by index-matching oil. In this paper, we first consider the effect of thermal processing on irradiated components. We then show that good performance can be obtained in thermooptic switches using a relatively thin cladding of MgF 2 . This material can be deposited very simply by evaporation on the flat surface obtained after guide formation, and has allowed the first demonstration of viable switching components made by the irradiation process.
II. STABILITY OF IRRADIATION-INDUCED CHANGES
The macroscopic effects of irradiation in silica glasses (namely, volumetric and refractive index changes [12] ) are caused by formation of defects, and their subsequent relaxation is due to reaction with diffusing molecular species [13] . A variety of defects may be created; those studied most often (namely, center, nonbridging oxygen-hole center, and peroxy radical defects) are paramagnetic, and their densities may be determined by electron spin resonance [14] . Their relative concentrations vary from material to material, depending on the availability of their particular precursors.
The size and stability of the induced changes is also strongly material-dependent. In past works, we have investigated waveguide formation in PECVD silica-on-silicon layers supplied by LETI (France), BT Labs (U.K.) and BNR Europe Ltd., now known as Nortel (England). Each material was deposited by a different PECVD process. SiH 4 , NO, and N 2 precursors were used at 400 C in a Coyote type tube reactor at BT [15] ; SiH 4 and N 2 O were used at 350 C in a low-frequency parallel plate reactor at BNR [16] . No details are available for the LETI process, but the material was essentially as described in [10] . The properties of these materials are summarized in Table I. PECVD silica may contain peaks in its absorption spectrum due to contamination by impurities such as hydrogen and nitrogen introduced by particular precursors. For example, increased loss at 1.39 m wavelength is associated with absorption by the first harmonic of the O-H bond vibration, while absorption at 1.5 m corresponds to the third harmonic of the Si-H bond or the second harmonic of the N-H bond [10] . Typical TE fiber-device-fiber insertion loss spectra measured in channel guides fabricated by electron beam irradiation of LETI and BNR materials are shown in Fig. 1 . In each case, 0733-8724/98$10.00 © 1998 IEEE irradiation was performed at 25 keV through a 7 m opening in a 1-m thick Au surface mask, and the overall device length was 3.4 cm. However, the data shown are from samples that were subjected to different thermal treatments prior to irradiation, in an effort to reduce propagation loss.
For the as-deposited LETI silica, high loss may be seen at both 1.39 and 1.5 m wavelength. Annealing for 20 min at 1150 C removes much of the O-H absorption, but the N-H peak is still strongly evident. No spectrum is shown for as-deposited BNR silica; this material has an unusual response, and requires a preirradiation anneal step to obtain a positive index change suitable for guide fabrication [9] . Instead, baseline data are shown for material annealed for 20 min at 800 C. In this case, strong O-H absorption is present, but the N-H peak is absent. The hydroxyl contamination is largely removed by annealing at temperatures above 1050 C [8] , and the material then appears to allow the lowest loss of any we have investigated; however, it also offers the weakest and least stable index changes, while the largest and most stable changes are obtained in the lossier films.
Whether the presence of hydrogen alone is responsible for these effects, or whether nitrogen is also required, is unclear. However, intermediate stability was obtained in waveguides formed by electron irradiation of bulk silica formed by flame hydrolysis of SiCl 4 , which might be expected to be nitrogenfree [17] . Similarly, hydrogen loading is well known to allow large index changes in fiber gratings recorded holographically in germanosilicate glass by UV lasers [18] .
There are also differences from material to material in the decay of the irradiation-induced effects caused by subsequent annealing. The changes can easily be observed by measuring the surface compaction (which is strongly correlated with the index change [19] ) near a channel guide in accelerated lifetime tests. Fig. 2 shows the variation of compaction with anneal time, obtained when the materials from Fig. 1 were heated in O 2 at 800 C. In each case, compaction reduces with time. The as-deposited LETI sample is highly stable, with an annealout characteristic that can be modeled by a single exponential function [3] . In contrast, the annealed LETI material shows an initial rapid drop followed by a slower decay. Both BNR samples show this behavior, and the effect is exaggerated as more of the hydroxyl contamination is removed. A simple hypothesis is that one defect is predominant in the as-deposited LETI sample, and two (in different proportions) in the others. Furthermore, manipulation of the hydroxyl content appears to alter their relative populations, with the result that attempting to reduce propagation loss by annealing prior to irradiation seems to be directly at odds with maintaining device stability. Since there is evidence that electron irradiation itself reduces both O-H and N-H absorption [3] , one explanation is that these groups provide a source of atomic hydrogen which can diffuse and react with other defects to stabilize them against alternative annealing reactions (with, for example, oxygen).
As the defects are annealed, the index changes are reduced. There are two serious consequences for waveguide components. Reduced confinement results in increased loss, especially in bends. Fig. 3 shows the variation of fiber-devicefiber insertion loss with transition length, for a set of backto-back sinusoidal S-bends formed by irradiation of low-loss BNR material [9] . Irradiation was performed as described above to give a weak index change of to a depth of 5 m. In each case, the overall device length was 3.4 cm, the bends introduced a fixed offset of 150 m, and the test wavelength was m. Before annealing, the insertion loss tends to that of a straight guide at long transition lengths, and rises rapidly at short lengths (or small radii). After annealing at 800 C for 30 s, the minimum tolerable transition length is much larger. The TM mode loss is also higher than the TE loss, suggesting increased substrate absorption.
Reduced confinement also alters the coupling coefficient in directional couplers. For example, Fig. 4 shows the variation of the normalized cross-coupled power with interaction length for a set of couplers fabricated and tested as above, with a fixed waveguide gap of 6 m. Before annealing, the coupling characteristic follows the conventional sinusoidal variation (allowing for residual coupling in the input and output regions). After annealing at 800 C, there is a significant decrease in the period of the power transfer characteristic, indicating an increase in the coupling coefficient.
It should be emphasized that these relatively dramatic results were obtained in the least stable material identified to date. Furthermore, irradiated components are certainly not ephemeral at room temperature; all results in this paper were obtained from devices at least three years old. However, performance variations of this type suggest that thermal loading due to subsequent processing must be minimized if lowloss components with predictable characteristics are to be obtained.
III. CLADDING OF IRRADIATED WAVEGUIDES
A reduction of the cladding layer index reduces the cladding thickness required and increases the range of possible materials and deposition processes. However, it increases the asymmetry of the guide, and any polarization-dependence of modal properties. The most pronounced effects are observed in directional couplers. Fig. 5 shows the variation of the crosscoupled power with interaction length for the coupler of Fig. 4 , using different overlay oils. For a cladding index of 1.45, the power transfer characteristics of the TE and TM modes are virtually indistinguishable. As the cladding index is reduced, some polarization splitting occurs. However, the effect is relatively small even for an index as low as 1.40, because the guides are almost completely buried in silica.
It was therefore decided to investigate the use of MgF 2 ( ) as a cladding for irradiated guides. The required thickness was determined using an elementary model. Fig. 6(a) shows the field profile at m for an asymmetric slab guide with buffer, core, and cladding indices of 1.458, 1.464, and 1.39, respectively, and a core thickness of 5 m. The mode profile is highly asymmetric, and the rapid decay of the evanescent field in the cladding suggests that losses should reduce for MgF 2 thicknesses above 1 m. This thickness can be deposited relatively rapidly (30 mins) by thermal evaporation, although the sample must be heated to eliminate water of crystallization and obtain a consolidated film. It was found that a sample temperature of 145 C (achieved by radiant heating) allowed MgF 2 thicknesses of 1 m, although severe cracking occurred at 1.4 m.
MgF 2 cladding layers were used to construct -junctionbased thermooptic Mach-Zehnder interferometric modulators with the transverse geometry of Fig. 6(b) and the layout of Fig. 6(c) . The 10-mm long heater electrodes were constructed above one arm of each interferometer by patterning a 1000-A thick layer of sputtered Ti metal into 50 m wide strips fed by 4 mm wide bus bars, and a dummy electrode was placed above the unheated arm to avoid any phase or amplitude imbalance. Metal strips were also placed over straight sections of waveguide for comparison purposes. The waveguides were formed in BT silica, which has characteristics intermediate between those of LETI and BNR material. Irradiation parameters chosen to obtain essentially polarization independent insertion losses of 1 dB at m for 3.4 cm lengths of straight guide with an oil cladding. Insertion losses for interferometers measured under similar conditions were 2.0 dB (TE) and 2.5 dB (TM), with the difference being ascribed to slight birefringence. Any additional TE/TM differential in straight guide propagation loss or in interferometer insertion loss was then assumed to be due to polarization-dependent absorption by the metal overlay.
With no cladding, very large ( 25 dB) TM interferometer insertion losses were obtained. Losses decreased dramatically as the cladding thickness increased, and the majority of the TE/TM loss differential was eliminated with 1 m of MgF 2 (Table II) . Switching performance was essentially similar to devices demonstrated by other technologies. Fig. 7 shows the variation of transmission with heater power, which follows the conventional sinusoidal form. The lack of a phase bias in the curve suggests that there is no phase shift between the two interferometer arms, although the relatively poor extinction ratio (10 dB) suggests unequal splitting in the -junctions. Full switching was obtained at a power of 0.5W. Fig. 8(a) and (b) shows switch characteristics obtained using a square wave heater drive at 500 Hz and 1 kHz, respectively. Minimum switching times of 0.5 ms are slightly shorter than results obtained with topographic guides with a much thicker silica cladding [4] . With an MgF 2 thickness of 1.4 m, the cladding layer cracked catastrophically. The TE/TM loss differential then approached the value obtained with a bare device, but absolute losses were much higher (due to scattering).
IV. CONCLUSIONS
In conclusion, we have demonstrated that the thermal stability of waveguides formed by electron beam irradiation of PECVD silica-on-silicon varies from material to material, and is affected by thermal preprocessing designed to reduce propagation loss. Increased stability does appear to be correlated with hydrogen contamination. We have also shown that thin layers of evaporated MgF 2 can be used as a cladding for such waveguides. Because process times and temperatures are low, this coating method avoids degradation of device performance by annealing. Polarization effects that might be expected from the low refractive index of MgF 2 appear limited, because the guides are almost entirely buried in silica. This process has allowed irradiated waveguides to be used as the basis of lowloss thermooptic switching components for the first time, and should greatly improve the future prospects for electron beam irradiation as a simple PLC fabrication technology.
